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$QXPHULFDOPRGHOWRFDSWXUHWKHJHRWHFKQLFDOUHVSRQVHWRFRDOFRPEXVWLRQDWDQXQGHUJURXQG
FRDOJDVLILFDWLRQVLWH 
 
(NQHOLJRGD7&<DQJ/-7:DQDWRZVNL'0DUVKDOO$06WDFH/5 
1RWWLQJKDP&HQWUHIRU*HRPHFKDQLFV8QLYHUVLW\RI1RWWLQJKDP1RWWLQJKDP8. 
)DFXOW\RI6FLHQFHDQG(QJLQHHULQJ8QLYHUVLW\RI1RWWLQJKDP1LQJER&KLQD 
7KXVKDQHNHQHOLJRGD#QRWWLQJKDPDFXN 
 
 
,QWURGXFWLRQ 
 
8QGHUJURXQG FRDO JDVLILFDWLRQ 8&* RIIHUV D VLJQLILFDQW SRWHQWLDO FRQWULEXWLRQ WR IXWXUH HQHUJ\
GHPDQG7KHSURFHVVDOORZVREWDLQLQJHQHUJ\LQWKHIRUPRIV\QJDVIURPDWKLQFRDOVHDPWKDWFDQQRW
EHH[WUDFWHGE\FRQYHQWLRQDOPHWKRGV$FFRUGLQJ WR%KXWWRHWDO 8&*LVDFRPELQDWLRQRI
PLQLQJ H[SORLWDWLRQ DQG JDVLILFDWLRQ WKDW HOLPLQDWHV WKH QHHG IRU FRQYHQWLRQDO PLQLQJ WHFKQLTXHV
LQFOXGLQJKXPDQLQYROYHPHQWDQGFDQEHXVHGLQGHHSRUVWHHSO\GLSSLQJXQ-PLQHDEOHFRDOVHDPV 
7KRXJK8&*ZDVILUVWWULHGDVHDUO\DVE\WKH*HUPDQVFLHQWLVW6LU:LOOLDP6LHPHQVLWZDV
QRWLQGXVWULDOL]HGDVYHU\IHZGHWDLOHGUHVHDUFKVWXGLHVKDGEHHQFDUULHGRXWRQ8&*,Q$QVRQ
*%HWWVREWDLQHGWKHSDWHQWIRU8&*7KHILUVW8&*ILHOGWHVWSURJUDPZDVFDUULHGRXWE\5DPVH\LQ
(QJODQGLQ%KXWWRHWDOZLWKPRUHH[WHQVLYHWULDOVLQ1RUWK'HUE\VKLUHLQWKHODWH¶V
1DWLRQDO&RDO%RDUG 
7KH 8&* SURFHVV QRW RQO\ RIIHUV D PRUH HQYLURQPHQWDOO\ IULHQGO\ HQHUJ\ VRXUFH FRPSDUHG WR
WUDGLWLRQDOFRDOPLQLQJHQHUJ\EXWDOVRSURYLGHVDVXE-VXUIDFHFDYLW\WKDWFRXOGSRWHQWLDOO\EHXVHGIRU
WKHVWRUDJHRI&2Sarhosisa et al.,  2013)$OVRDVWKHFRDOLVJDVLILHGLQ-VLWXJHQHUDWLRQRIPLQLQJ
UHODWHG ZDVWH LV PLQLPLVHG FRPSDUHG WR WUDGLWLRQDO PLQLQJ 1DJKRXQL  Imran et al., 2014;
6KLUVDW) 
7KHLQGXVWULDODSSOLFDWLRQRI8&*LVFDUULHGRXWZLWKVHYHUDOSDUDOOHOEXUQLQJSDQHOVDVLOOXVWUDWHG
LQ)LJXUHZKLFKHQKDQFHVWKHJDVSURGXFWLRQFRQVLGHUDEO\FRPSDUHGWRDVLQJOHSDQHO2QHRIWKH
PDMRU FRQFHUQV RI SDUDOOHO EXUQLQJ LV WKH LQGXFHG JURXQG VXEVLGHQFH  7KH VHOHFWLRQ RI GLVWDQFH
EHWZHHQ SDUDOOHO EXUQLQJ SDQHOV VKRXOG EH PDGH DIWHU D WKRURXJK VWXG\ RI WKH HIIHFW RI WKH FRDO
EXUQLQJSURFHVVRQJURXQGVXEVLGHQFH 
 
 
 
)LJXUH-0XOWL-SDQHOLQGXVWULDODSSOLFDWLRQRI8&* 
 
$8&*ILHOGVWXG\FDUULHGRXWDWWKH:LHF]RUHNPLQH3RODQGLQZDVXVHGDVWKHEDVLVRIWKH
QXPHULFDODQDO\VHVGHVFULEHGLQWKLVSDSHU7KHQXPHULFDODQDO\VHVZHUHFRQGXFWHGLQWZRVWDJHV7KH
VWDJH  QXPHULFDO PRGHO LQFOXGHG D VHFWLRQ QHDU WKH 8&* SDQHO ZKLFK ZDV DVVLJQHG D FRXSOHG
WKHUPDO-PHFKDQLFDOFRQVWLWXWLYHUHODWLRQVKLS7KLVPRGHOFDQFDSWXUHYDULRXVLPSRUWDQWIHDWXUHVRIWKH
8&* SURFHVV LQFOXGLQJ WKH JHRWHFKQLFDO VLWXDWLRQ GXULQJ LQ-VLWX FRDO EXUQLQJ WKH YDULDWLRQ RI
WHPSHUDWXUH LQ WKH FDYLW\ D JUDGXDOO\ GHFD\LQJ HQHUJ\ HPLVVLRQ HLWKHU IRUZDUG RU EDFNZDUG
PRYHPHQW RI WKH EXUQLQJ KHDG DQG WHPSHUDWXUH GHSHQGHQW PDWHULDO SURSHUWLHV (NQHOLJRGD HW DO
 6WDJH  LQYROYHG D VLPLODU EXW PRUH FRPSXWDWLRQDOO\ HIILFLHQW PHFKDQLFDO-RQO\ QXPHULFDO
PRGHOWKDWLQFRUSRUDWHGUHVXOWVRIPD[LPXPFDYLW\VL]HIURPVWDJHLQRUGHUWRHYDOXDWHWKHZRUVW-
FDVHVFHQDULRRIJURXQGPRYHPHQWVIURPVLQJOHDQGPXOWLSOH8&*SDQHOV 
 
Minimum distance between two burning panels
1XPHULFDOPRGHOV 
 
$WKUHHGLPHQVLRQDOPRGHOUHSUHVHQWLQJWKHJHRORJLFDOFURVVVHFWLRQDWWKH:LHF]RUHNVLWHLQ3RODQG
ZDVFUHDWHGLQ)/$&-')LJXUH,QWKHVWDJHDQDO\VLVDPRGHOH[WHQGLQJIURPDGHSWKRIP
= P WR P = P ZDV XVHG ZLWK D VHFWLRQ IURP = ±WR P WRWDO KHLJKW RI P
DVVLJQHGWKHFRXSOHGWKHUPDO-PHFKDQLFDOFRQVWLWXWLYHUHODWLRQVKLS)LJXUHLQRUGHUWRVLPXODWHWKH
FRDO EXUQLQJ SURFHVV 7KLV ZDV GRQH E\ PRGLI\LQJ WKH HQHUJ\ EDODQFH HTXDWLRQ DQG DGGLQJ DQ
DGGLWLRQDOWHUPDVDVRXUFHWKDWUHODWHVWRWKHFDORULILFYDOXHRIFRDO7RDFFRXQWIRUWKHIDFWWKDWWKH
HQHUJ\UHOHDVHIURPFRDOJUDGXDOO\GHFUHDVHVZLWKWLPHWKHVRXUFHWHUPZDVJLYHQDVDWLPHGHFD\LQJ
IXQFWLRQ7KHPHFKDQLFDOGHJUDGDWLRQRIFRDOGXHWREXUQLQJZDVFDUULHGRXWE\UHPRYLQJWKHEXUQW
]RQH IURP WKH FDOFXODWLRQ 7KH ]RQH ZDV UHPRYHG DIWHU RQH KRXU IURP LJQLWLRQ 7KH WHPSHUDWXUH
GHSHQGHQW PDWHULDO SURSHUWLHV ZHUH DVVLJQHG WR WKH FRXSOHG DQDO\VLV DFFRUGLQJ WR WKH H[SHULPHQWDO
GDWDSURYLGHGE\5DQMLWKHWDO 
 
 
 
)LJXUH-'HWDLOVRIJHRORJLFDOSURILOHXVHGLQ)/$&'PRGHOVWDJHGLPHQVLRQV 
 
7KH DGGLWLRQDO VWUHVV FRPSRQHQW GXH WR KHDW WUDQVIHU LV FRXSOHG WR WKH VWUHVV FDOFXODWLRQ ,W LV
LPSRUWDQWWRQRWHWKDWWKHFRXSOLQJRFFXUVRQO\LQRQHGLUHFWLRQ7KHUHIRUHPHFKDQLFDOVWUHVVFKDQJH
GRHVQRWDIIHFWWKHWHPSHUDWXUHULVHEXWWKHWHPSHUDWXUHULVHDIIHFWVWKHPHFKDQLFDOVWUHVVFKDQJH7KH
FRXSOHG HTXDWLRQ FDQ EH SUHVHQWHG LQ VLPSOH IRUP DV LQ (T  $VVXPLQJ WKDW WKH WKHUPDO
H[SDQVLRQFRQWUDFWLRQLVLVRWURSLFWKHVWUHVV±VWUDLQUHODWLRQVKLSIRUDQRQ-LVRWKHUPDOPDWHULDOFDQEH
SUHVHQWHGDV 
 

߲ߪ݆߲݅ݐ = 2ܩ ൤߲݆߲߳݅ݐ െ ߙݐ ߲߲ܶݐ ߜ݆݅ ൨ + ൬ܭ െ 23ܩ൰ ൤߲߲߳݇݇ݐ െ 3ߙݐ ߲߲ܶݐ ൨ ߜ݆݅                                   (1)  
 
ZKHUH * (Q, .  (±Q DQG HNN HHHVLM LVWKHFRPSRQHQWRIWKHWRWDO
VWUHVVWHQVRUHLMLVWKHFRPSRQHQWRIWKHWRWDOVWUDLQWHQVRU* LVVKHDUPRGXOXV, . LVEXONPRGXOXV ( 
LV <RXQJ¶VPRGXOXV, Q LV3RLVVRQ¶VUDWLR GLM LVWKH.URQHFNHUGHOWD, 7 WKHWHPSHUDWXUHDQGD7 LV
WKHWKHUPDOH[SDQVLRQFRHIILFLHQW 
7KHHTXDWLRQVRIHTXLOLEULXPDQGWKHVWUDLQ±GLVSODFHPHQWUHODWLRQVFDQEHH[SUHVVHGDV 
 
VLMM+ IL                 
 HLM   ò( XLM + XML  
ZKHUH IL DQG XL L   [ \ ] DUH WKH FRPSRQHQWV RI WKH QHW ERG\ IRUFH DQG GLVSODFHPHQW LQ WKH L-GLUHFWLRQUHVSHFWLYHO\$FRPPDIROORZHGE\VXEVFULSWVUHSUHVHQWVWKHGLIIHUHQWLDWLRQZLWKUHVSHFWWR
VSDWLDOFRRUGLQDWHVDQGUHSHDWHGLQGLFHVLQWKHVDPHVXEVFULSWLPSO\VXPPDWLRQRYHUWKHUDQJHRIWKH
LQGLFHVJHQHUDOO\±XQOHVVRWKHUZLVHLQGLFDWHG'HWRXUQD\=KDQJ 
,QWKHVWDJHDQDO\VHVWKHODWHUDOGLPHQVLRQV;DQG<RIWKHPRGHOLOOXVWUDWHGLQ)LJXUHZHUH
PRGLILHGLQRUGHUWRHQVXUHERXQGDU\HIIHFWVRQPHDVXUHPHQWVRIGLVSODFHPHQWVZHUHPLQLPL]HG)RU
WKH VLQJOH SDQHO DQDO\VLV WKH ODWHUDO GLPHQVLRQV ZHUH LQFUHDVHG WR ; P DQG < P IRU WKH
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PXOWLSOHSDQHODQDO\VHVWKH\ZHUHLQFUHDVHGWR; PDQG< P7KHWRWDOKHLJKWRIWKHPRGHO
ZDV PDLQWDLQHG DW P IRU ERWK VLQJOH DQG PXOWLSOH SDQHO DQDO\VHV 7KLV PRGHO XVHG VWDQGDUG
PHFKDQLFDOFRQVWLWXWLYH UHODWLRQVKLSV LQRUGHU WRGHFUHDVH WKHFRPSXWDWLRQDO WLPH UHTXLUHG WRREWDLQ
UHVXOWV$QDO\VHV ZHUH FRQGXFWHG WR HYDOXDWH JURXQGPRYHPHQWV IRU ZRUVW-FDVH 8&* VFHQDULRV IRU
VLQJOHDQGPXOWLSOHSDQHOV7KLVPRGHOZDVGHHPHG WR UHSUHVHQW WKHZRUVW-FDVHVFHQDULREHFDXVH LW
LQFOXGHGDQHVWLPDWHRIPD[LPXPFDYLW\VL]HDIWHU ORQJWHUPEXUQLQJEDVHGRQVWDJHUHVXOWVDQG
DOVREHFDXVHLWGRHVQRWUHGLVWULEXWHVWUHVVHVJUDGXDOO\ZLWKH[FDYDWLRQ 
 
5HVXOWV 
 
,QWKLVVWXG\VWDJHLWZDVIRXQGWKDWPD[LPXPWHPSHUDWXUHZLWKLQWKHPHVKZDVDOZD\VOHVVWKDQ
R& (NQHOLJRGD HW DO  7KH EXUQLQJ ]RQH LQ WKH QXPHULFDO PRGHO VSUHDG P
SHUSHQGLFXODUWRWKHEXUQLQJGLUHFWLRQLQWKHKRUL]RQWDOSODQHDQGPLQWKHYHUWLFDOGLUHFWLRQDIWHU
 GD\V RI EXUQLQJ 7KH QXPHULFDOO\ SUHGLFWHG FDYLW\ DIWHU  GD\V RI EXUQLQJ LV LOOXVWUDWHG LQ
)LJXUH  
,Q WKH VWDJH  DQDO\VLV WKH ZRUVW-FDVH VFHQDULR RI VLQJOH FDYLW\ GHYHORSPHQW ZDV VLPXODWHG E\
UHPRYLQJDUHJLRQRIWKHFRDOOD\HU[[PDOODWRQFH7KHORQJHVWGLPHQVLRQRIPZDVVHOHFWHG
WRDFFRXQWIRUXQFHUWDLQW\DVVRFLDWHGZLWKWKHPRYHPHQWRIWKHEXUQLQJKHDGDQGWRHQVXUHDZRUVW-
FDVHVFHQDULRZDVFRQVLGHUHG7KHJURXQGVXEVLGHQFHPHDVXUHGDWWKHWRSRIWKHPRGHOPEHORZ
WKH UHDO JURXQG OHYHO ZDV PP GLUHFWO\ DERYH WKH FDYLW\ DQG PP DW D GLVWDQFH P LQ ;-
GLUHFWLRQRIIVHWIURPWKHFDYLW\FHQWHUOLQH 
 )LJXUH±6WDJHDQDO\VLVUHVXOWVFDYLW\GHYHORSPHQWDIWHUGD\V 
 
$GGLWLRQDO VWDJH  DQDO\VHV ZHUH FRQGXFWHG LQ ZKLFK  DQG  EXUQLQJ SDQHOV ZHUH UHPRYHG
LQVWDQWDQHRXVO\IURPWKHPRGHO7KHJURXQGVXEVLGHQFHZDVHYDOXDWHGIRUGLIIHUHQWGLVWDQFHVEHWZHHQ
SDQHOV UDQJLQJ IURPP WRP HGJH WRHGJHGLVWDQFH LQ VWHSVRIP7KH VXEVLGHQFHDERYH WKH
FHQWHUSRLQWRIWKHJDVLILFDWLRQSDQHOVZDVPPDQGPPIRUWKHDQGSDUDOOHOEXUQLQJPRGHOV
UHVSHFWLYHO\ IRU D VSDFLQJ GLVWDQFH RI P )LJXUH  *UDGXDOO\ GHFHDVLQJ JURXQG VXEVLGHQFH ZDV
REVHUYHG DW WKH FHQWHU SRLQW RI WKH JDVLILFDWLRQ SDQHO¶V DUUDQJHPHQW E\ LQFUHDVLQJ WKH GLVWDQFH
EHWZHHQWKHEXUQLQJFRDOSDQHOV 
 
 
  
(a) five burning panels (b) seven burning panels 
Figure 4- Variation of subsidence with panel spacing 
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&RQFOXVLRQV 
 
$QXPHULFDOPRGHOZDVSUHVHQWHGFRQVLGHULQJVHYHUDOIHDWXUHVWKDWWDNHSODFHLQWKHXQGHUJURXQGFRDO
JDVLILFDWLRQSURFHVV7KHPD[LPXPWHPSHUDWXUHGXULQJWKHJDVLILFDWLRQSURFHVVZDVHVWLPDWHGWRULVH
WRR&LQVLGHWKHFDYLW\7KHPD[LPXPGLPHQVLRQRIWKHFDYLW\ZDVPLQWKHEXUQLQJGLUHFWLRQ
PSHUSHQGLFXODUWRWKHEXUQLQJGLUHFWLRQODWHUDOGLUHFWLRQDQGPLQWKHYHUWLFDOGLUHFWLRQDIWHU
GD\VRIJDVLILFDWLRQ$ZRUVW-FDVHVFHQDULRVWXG\VKRZHGWKDWWKHPD[LPXPGLVSODFHPHQWGLUHFWO\
DERYHWKHJDVLILFDWLRQSRLQWDWWKHWRSRIWKHPHVKDWDGHSWKRIZDVPPDQGUHGXFHGWRPP
DWDGLVWDQFHPDZD\IURPWKHSDQHO 
7KHJURXQGLQGXFHGVXEVLGHQFHDWWKHWRSRIWKHQXPHULFDOPRGHODGHSWKRIPYDULHGIURP
PP WR PP GLUHFWO\ DERYH WKH JDVLILFDWLRQ SRLQW DW WKH FHQWHU SRLQW RI WKH JDVLILFDWLRQ
DUUDQJHPHQW ZKHQ WKH PLQLPXP GLVWDQFH EHWZHHQ SDQHOV ZDV YDULHG IURP P WR P IRU WKH 
EXUQLQJSDQHOPRGHO WKHHTXLYDOHQWPD[LPXPJURXQGVXEVLGHQFH UDQJHGIURPPPWRPPIRU
WKHEXUQLQJSDQHOPRGHO 
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